INTRODUCTION
The decrease in the levels of ATP in freshly collected mouse embryos during preimplantation development (Quinn & Wales, 1971a ) is paralleled by an increasing metabolic activity of the embryo as shown by greater utilization of oxygen (Mills & Brinster, 1967 ) and of energy substrates (Brinster, 1969; Wales & Whittingham, 1970) , greater oxidation of energy substrates (Brinster, 1967a, b) and increasing ability for synthesis of protein and nucleic acids (Ellem & Gwatkin, 1968; Brinster, 1969; Wales & Whittingham, 1970; Murdoch & Wales, 1971) . During this period, there is little change in the volume or protein content of the embryo (Lewis & Wright, 1935; Brinster, 1967c) . In the rabbit blastocyst, however, there is a period of rapid increase in cellular tissue before implantation (Daniel, 1964) and the levels of ATP show a concomittant rise on a 'per embryo' basis (Brooks & Lutwak-Mann, 1971 ). It would appear, therefore, that the levels of ATP in the mammalian embryo during culture in vitro might be governed by the supply of energy substrates to, and their subsequent utilization in, the embryo.
The energy requirements for successful development of the preimplantation mouse embryo in vitro are well documented (Brinster, 1965a; Brinster & Thomson, 1966) . Before the eight-cell stage of development, only pyruvate, lactate, oxaloacetate and phosphoenolpyruvate can maintain the embryos for 24 hr or longer (Brinster, 1965a; Biggers, Whittingham & Donahue, 1967) . After the eight-cell stage, media containing other substrates, including glucose, and even energy substrate-free medium, can maintain the development of some embryos (Brinster & Thomson, 1966) .
The present study was undertaken to investigate the effects of various energy substrates on the levels of ATP in cultured preimplantation mouse embryos and to compare the levels of ATP in cultured and freshly collected embryos.
MATERIALS AND METHODS
Embryos were collected from the reproductive tracts of female albino mice which had been superovulated by an intraperitoneal injection of 5 to 10 i.u. PMSG (Primantron, Schering AG), followed 48 hr later by an intraperitoneal injection of 5 to 10 i.u. HCG (Pregnyl, Organon) (Brinster, 1963) . Fertilized and unfertilized ova were excised from the Fallopian tubes 22 to 24 hr after the injection of HCG and the surrounding cumulus cells were removed by in¬ cubation in hyaluronidase solution (Brinster, 1965b The basic medium used was a modified Krebs-Ringer bicarbonate solution containing 25 mM-DL-sodium lactate, 0-25 mM-sodium pyruvate, 1 mg/ml bovine serum albumin (Commonwealth Serum Laboratories, Melbourne), 60 /ig/ml penicillin and 50 /ig/ml streptomycin (Brinster, 1965c) . Energy substrates were varied as required, isotonicity being maintained by adjusting the sodium chloride content of the medium.
Embryos to be used for culture were washed in two changes (2 ml per wash) of energy substrate-free medium and then cultured in droplets of medium under paraffin oil in plastic culture dishes at 37°C with air:carbon dioxide (95:5) as the gas phase (Brinster, 1963) . After culture, the embryos developing normally were collected in a minimal volume of culture medium (approxi¬ mately 2 µ ), extracted with 50 µ cold 2-5% perchloric acid for at least 1 hr and neutralized with 5 µ of 20% (w/v) potassium hydroxide. Embryos which had been freshly collected from reproductive tracts were washed in two changes of basic medium and extracted in a similar manner. The ATP was assayed in neutralized aliquots (20 µ ) of the perchloric acid extracts of the embryos, as described previously (Quinn & Wales, 1971a (Stanley & Williams, 1969) and was found to conform to the manu¬ facturers' specifications (98% purity).
At several stages of embryonic development, the ADP and ATP contents were measured. Embryos were extracted in 100 µ perchloric acid and, after neutralization, 20-µ1 aliquots were assayed for ADP and ATP. The ADP was converted to ATP by incubation in 1 ml phosphate buffer in the presence of 2-5 10~9 mol phosphoenolpyruvate and 2-5 µ pyruvate kinase suspension (Sigma Chemical Company, St Louis, Missouri) as described by Holmsen, Holmsen & Bernhardsen (1966) . Finally, the ATP formed was measured in the usual way. The presence of ADP did not interfere with the measurement of ATP when phosphoenolpyruvate and pyruvate kinase were omitted from the assay mixture.
RESULTS
To examine whether the supply of energy sources in vitro, over a short period at the early stages of development had any effect on the level of ATP in embryos, one-and two-cell embryos and unfertilized ova were cultured for 6 hr in medium containing either pyruvate (0-25 min), lactate (25 muí), a combination of these two substances, glucose (5-56 ium) or energy substrate-free medium. The results are given in Table 1 . The combination of pyruvate and lactate was more effective than either of these substances alone in maintaining the levels of ATP in embryos ( <0·01). Whereas those embryos cultured in pyruvate, lactate or a combination of the two contained larger amounts of ATP than fresh embryos ( <0·05), the opposite was true for embryos cultured in medium Thus, the ATP to ADP ratios approached infinity. The levels of ADP in both cultured and freshly collected morulae and blastocysts contributed 20 to 35% to the total ATP plus ADP in the embryos and thus gave ATP to ADP ratios of between 2 and 4 at these stages.
DISCUSSION
Earlier work (Brinster, 1965c) has indicated that there are optimum combina¬ tions of pyruvate and lactate which support development in vitro of the early mouse embryo. As development proceeds, dependence on these substrates decreases and glucose or energy substrate-free medium can sustain development (Brinster & Thomson, 1966) . The present studies indicate that these differences may be due to the ability of the energy substrates to maintain the levels of ATP in the embryos at various stages of development. During short-term culture of the early embryo, only pyruvate and lactate, but not glucose, can maintain levels equivalent to those in fresh embryos and a combination of these two energy substrates is best. Therefore, it seems probable that oviducal mouse eggs derive most of their energy from the oxidative phosphorylation of pyruvate and lactate as suggested by Hafez & Sugawara (1969) .
As development proceeds, glucose becomes more effective in maintaining ATP levels and even in the absence of energy substrates, the levels approach those in fresh embryos. It is evident, however, by comparing the levels of ATP in embryos cultured up to the eight-cell stage, that embryos in medium con¬ taining glucose maintain their ATP levels better than those in energy substratefree medium. Thus, the utilization of glucose can play an important rôle in maintaining the levels of ATP in the mouse embryo as development proceeds, either directly by increased glycolysis (Wales, 1969) or indirectly by providing intermediates for subsequent oxidative phosphorylation (Brinster, 1967a (Brinster, 1963) unless the medium is supple¬ mented with serum or amino acids to induce trophoblastic outgrowth (Cole & Paul, 1965; Gwatkin, 1966) . There is a lessened rate of cell division in cultured embryos as compared to embryos in vivo (Bowman & McLaren, 1970a) (Brooks & Lutwak-Mann, 1971) were not found in the present experi¬ ments with mouse embryos where the levels in freshly collected blastocysts were similar to, or slightly higher than, those in morulae. In an earlier report (Quinn & Wales, 1971a) , the levels of ATP in blastocysts were found to be even less than those in morulae. This range in the levels of ATP in the mouse blasto¬ cyst could be caused by differences in the developmental age of embryos at collection resulting from the 3-to 4-hr range in the time of ovulation after the injection of HCG (Edwards & Gates, 1959) or from variations in the rate of development in vivo (Bowman & McLaren, 1970a (1970) for the protein content of the rabbit blastocyst, the increases in the levels of ATP are not as dramatic and the values expressed as µ /g of protein are of the same order as the levels found in the freshly collected mouse embryo (Quinn & Wales, 1971a) .
During the later stages of preimplantation development, the ATP to ADP ratio in both mouse and rabbit embryos is in the range of 2 to 5. At the oneand two-cell stages of development, however, the ratio of ATP to ADP in the mouse embryo is higher than that in the rabbit embryo which has a range from 8 to 12 (P. Quinn & R. G. Wales, unpublished data). An increase in the ATP to ADP and ATP to AMP ratios in the neonatal rat liver is associated with a shift from glycolysis to gluconeogenesis (Ballard, 1970) . Thus, the high ATP to ADP ratio up to the two-cell stage in the mouse embryo may limit the utilization of glucose as an energy source during culture in vitro, whereas after the two-cell stage and in the rabbit embryo where the ratio of ATP to ADP is lower, glycolysis can proceed. These findings substantiate the proposal of Wales (1969) that the rate of glycolysis in the early mouse embryo may be an important regulatory mechanism limiting the utilization of glucose as an energy source before the eight-cell stage.
The regulation of glycolysis by ATP levels could occur at the phosphofructokinase step which is inhibited by high ATP levels (Passoneau & Lowry, 1964) . Although the activity of phosphofructokinase in the preimplantation mouse embryo remains relatively constant throughout development (Brinster, 1971) , the activity of this and other enzymes extracted from the embryo is a measure¬ ment of the potential activity of the enzyme under optimum assay conditions and does not include the influence of factors operating in the developing mouse embryo, such as changes in the ratio of ATP to ADP. The activity of the tricarboxylic acid cycle, which is also limited by high levels of ATP (Atkinson, 1968) , appears to increase when the ratio of ATP to ADP becomes less during later stages of development of the mouse embryo (Quinn & Wales, 1971b) .
The results reported here show that the amount of ATP in cultured mouse embryos depends on the energy substrates available in the medium and appears to be correlated with the metabolic turnover of the substrates and their ability to support growth and development in vitro. Thus, monitoring ATP levels in cultured embryos could be useful in evaluating the growth requirements in vitro of other preimplantation mammalian embryos.
